Hydrogen oxidation reaction (HOR, H 2 → 2H
+ +2 e) and hydrogen evolution reaction (HER, 2 H + + 2 e → H 2 ) are among the most extensively studied electrochemical reactions for their foundational role in establishing the theoretical framework of electrochemistry, and practical importance in the development of renewable energy conversion devices, such as H 2 -fueled low temperature fuel cells, and electrolyzers. Kinetics of HOR/HER is not only a key metric in evaluating HOR/HER catalysts, but more importantly, a sensitive probe of the pathway through which the two-electron transfer process occurs on the molecular level.
Rotating disk electrode (RDE) method is widely adopted to quantitatively evaluate the intrinsic kinetics of electrochemical reactions, including HOR/HER [1] [2] [3] and oxygen reduction/evolution reaction (ORR/OER), 4, 5 owing to its well-defined mass transport behaviors that can be rigorously derived from the hydrodynamics. 6 While ORR activities are typically determined by converting the measured currents at a fixed potential (e.g., 0.9 V vs. RHE) to kinetic currents due to its sluggish reaction kinetics; 7, 8 exchange current density (i 0 ) is the more widely adopted measure of HOR/HER activities. 3, 9 Exchange current density can be determined by either fitting the kinetic current density with the Butler-Volmer equation or extrapolating the Tafel plot to zero overpotential. Accurate measurement of kinetic currents, which is free of the contribution from the mass transport of H 2 to and from the electrode, is key to the reliability of both methods. It is generally accepted that HOR can be severely limited by the mass transport of H 2 to the electrode surface, as evidenced by the plateau in the polarization curve or the anodic limiting current at large overpotentials. The mass transport limitation of H 2 in HOR is primarily attributed to the limited solubility of H 2 (<1 mmol/L at room temperature), following the Levich equation 6 as in Eq. 1, i l = 0.62n F AD 2/3 ν −1/6 c 0 ω 1/2 = ABc 0 ω 1/2 [1] where i l is the limiting current, D is the diffusivity of hydrogen in electrolyte, n is the number of electrons transferred in HOR (n = 2), A is the area of the electrode, v is the kinematic viscosity of the electrolyte and c 0 is the solubility of H 2 in electrolyte, ω is the rotation rate and B = 0.62n F D 2/3 ν −1/6 . The kinetic current for thin-film electrode is then calculated using the Koutecky-Levich equation 1 as * Electrochemical Society Active Member. z E-mail: yanys@udel.edu; bxu@udel.edu in Eq. 2, [2] where i and i k are the measured current and kinetic current, respectively. In contrast, HER is generally assumed to be free of diffusion limitation and indeed no cathodic limiting current is observed in RDE measurements. The lack of diffusion limitation is attributed to the high concentration of H + or H 2 O in acidic or alkaline electrolyte. Therefore, measured currents, compensated for the ohmic loss, in the HER branch are considered to be kinetic currents. 10 The RDE method is unable to quantify the HOR activity on Pt in acid due to the combination of mass transport limitation of H 2 and fast reaction kinetics. The measured current is dominated by the rate of H 2 diffusion to the electrode surface, as evidenced by the overlapping HOR polarization curve and concentration overpotential curve, as defined in Eq. 3, [3] where η d is the diffusion overpotential, i d is the diffusion limited current, i l is the maximum current from polarization curves, R is the universal gas constant (8,314 J/(mol·K)), T is the temperature in Kelvin and F is the Faraday's constant (96,485 A·s/mol). Kinetic currents of HOR on Pt in acid must be determined by methods free of mass transport limitations, such as H 2 -pump method, 9, 11, 12 ultramicroelectrode (UME), 13, 14 scanning electrochemical microscopy (SECM) 15, 16 and floating electrode method. 17 For example, the exchange current density of HOR/HER on Pt/C in acid obtained using the H 2 -pump method in a proton exchange membrane fuel cell (PEMFC) configuration is ∼70 mA/cm the diffusion overpotential curve and the rotation speed dependence of the HER activity. The inefficient diffusion of H 2 formed at the electrode to the bulk electrolyte is proposed to be the origin of HER mass transport limitation. A general data analysis protocol based on Koutecky-Levich equation for reversible reactions is developed to obtain accurate HOR/HER kinetic information. Through comparison with a recently reported method, we show that our proposed approach is equally accurate and more general in extracting kinetic parameters.
Experimental
Preparation of electrodes and electrolytes.-The polycrystalline Pt disk was polished using 0.05 μm alumina polishing suspension (Buehler) to a mirror finish prior to electrochemical testing, and the glassy carbon electrodes were pre-polished similarly before preparing thin-film electrodes. Ink suspension of high surface area carbon supported Pt catalyst was prepared by dispersing Pt/C (46.6 wt%, Tanaka Kikinzoku International, Inc.) into DI water to achieve a concentration of 0.1 mg Pt /mL followed by ultrasonication for 1 h to obtain a uniform suspension. Thin-film Pt/C electrodes were prepared by pipetting different amounts of ink suspension onto pre-polished glassy carbon electrodes to achieve a final loading of 4 Electrochemical measurements.-The electrochemical measurements were performed in a glass cell for rotating electrodes (PINE Research Instrumentation), with a double junction silver/silver chloride (Ag/AgCl) electrode as the reference electrode, a Pt wire as the counter electrode and a 5 mm diameter polycrystalline Pt disk or a 5 mm diameter glassy carbon as the working electrode using a multichannel potentiostat (Princeton Applied Research). Cyclic voltammograms (CV) of Pt disk and Pt/C were recorded between ∼0.03 to 1.1 V vs. RHE in Ar-saturated electrolytes at a scanning rate of 50 mV/s. Hydrogen oxidation/evolution reaction (HOR/HER) polarization curves were obtained by RDE measurement in electrolyte with saturated H 2 , at a scanning rate of 10 mV/s (for measurement on Pt disk) or 1 mV/s (for measurement on Pt/C electrodes) and rotation speeds ranging from 100 rpm to 3600 rpm at r.t. (293 K). All potentials reported in this work were converted to the reversible hydrogen electrode (RHE) scale. Potential ranges for HER scans were chosen such that no excessive H 2 bubbling occurred.
Impedance measurements.-The internal resistance was measured after HOR/HER measurement by electrochemical impedance spectroscopy (EIS) from 200 kHz to 100 mHz at open circuit voltage (OCV) and used to obtain internal resistance free (iR-free) potential of the working electrode. The resistances for 0.1 M HClO 4 , 0.5 M H 2 SO 4 and 0.1 M KOH at 293 K are about 25 , 5 and 40 , respectively.
Results and Discussion

Identification of diffusion limitation in measured HER currents.-
The HOR/HER polarization curve on Pt disk after internal resistance correction in 0.1 M HClO 4 reaches the plateau at ∼0.06 V vs. RHE and completely overlaps with the concentration overpotential curve as defined by Eq. 3 (Figure 1 ), suggesting that both HOR and HER are completely mass transport controlled. To ensure accurate comparison between the polarization curve and diffusion overpotential curve, iR correction is essential even for highly conductive electrolytes, e.g., 0.1 M HClO 4 (25 ), 3 as evidenced by the significant difference of the polarization curves before and after iR correction (blue dashed curve and red solid curve in Figure 1 , respectively). 4 , at a rotation speed of 1600 rpm and a scanning rate of 10 mV/s before (blue dashed line) and after (red solid line) iR-correction. The black dashed line is the calculated concentration overpotential curve, and the green dot dashed line is the simulated kinetic current using the Butler-Volmer equation (Eq. 4) assuming i 0 = 70 mA/cm 2 and α = 0.5.
correction in several early studies could be a main cause for not recognizing that the current was completely controlled by the mass transport limitation, which in turn led to significant underestimations of the HOR/HER activity on Pt. 24, 25 Measured currents for the highly reversible HOR/HER are the sum of the anodic (positive) and cathodic (negative) currents from HOR and HER, respectively, according to:
Conventionally, the polarization curve at positive overpotentials with positive currents (HOR polarization curve) is referred to as the HOR branch, while the part at negative overpotentials (HER polarization curve) is referred to as the HER branch. It is important to note that HOR and HER occur simultaneously in both branches, albeit with different rates. In this work, we denote the current in the HOR and HER branches as net-HOR and net-HER currents, respectively, to differentiate from the pure HOR and HER currents. The HOR/HER exchange current density (i 0 ) at 293 K on Pt/C and transfer coefficient (α) were determined to be ∼70 mA/cm 2 Pt and ∼0.5 respectively, using the H 2 -pump method in a PEMFC configuration (with an equivalent pH of 0) 9 Since no particle size effect has been observed for Pt regarding HOR/HER, 3, 26 the exchange current density and transfer coefficient determined on Pt/C can be used to calculate the kinetic current density (i k ) on Pt disk in the HER branch (dashed green line in Figure 1 ) following the Butler-Volmer equation (Eq. 4),
The measured current in the HER branch should be equal to the kinetic current in the absence of diffusion limitation; however, the calculated kinetic overpotential curve (dashed green line) deviates significantly from the measured polarization curve (solid red line), confirming that the net-HER current is not free of diffusion limitation. The diffusion current (i d ) is proportional to the limiting current (i l ) at a given potential, according to Eq. 5:
Thus, i d should share the same rotation speed dependence as i l (Eq. 1). It follows that measured currents will also be rotation speed dependent if HER/HOR is completely diffusion limited on Pt disk in acidic media (i ex p = i d ). Indeed, the HOR/HER polarization curves on Pt disk in 0.1 M HClO 4 at rotation speeds of 100 rpm, 400 rpm, 900 rpm, 1600 rpm, 2500 rpm and 3600 rpm match well with their corresponding diffusion overpotential curves in the entire HOR/HER potential window scanned (Figure 2 ), which is strong evidence that the net-HER current is diffusion limited. Furthermore, a Koutecky -Levich plot at 0.08 V vs. RHE (Figure 2 , inset) yields a straight line passing through 1, 3, 27 Furthermore, the diffusion limited nature of the HER branch on Pt in acid suggests that supersaturation of H 2 is likely in the vicinity of the electrode, which provides the driving force of transport H 2 produced at the electrode to the bulk. Chen et al. reported that the supersaturation of H 2 could be as high as 300 times relative to saturation concentration at room temperature and pressure before nucleation and bubble formation on Pt nanoelectrodes. 28, 29 HER on Pt in base much slower than in acid, and thus HER currents determined by the RDE in base could be kinetics, rather than diffusion, limited. 3 Indeed, the HOR/HER polarization curves on Pt/C in 0.1 M KOH at rotation speeds from 100 rpm to 3600 rpm deviate significantly from their corresponding concentration overpotential curves (Figure 3 ), owing to the sluggish kinetics on Pt in the alkaline electrolyte. In addition, the HER polarization curves at different rotation speeds essentially overlap within experimental errors (Figure 3 ), consistent with a previous report. 10 The independence of the net-HER current on the rotation speed is also due to the sluggish HER kinet- ics on Pt in base, which makes the net-HER current kinetics rather than diffusion controlled: the HER overpotential at −5 mA/cm 2 disk at 3600 rpm is about 44 mV, less than a quarter of which is from H 2 mass transport (η d = 10 mV). Although the kinetic overpotential is dominant when the HER kinetics is sluggish, the contribution of η d in the overall overpotential in the HER branch could still be sizable: The diffusion overpotential (η d ) at −5 mA/cm 2 disk increases from 10 mV at the rotation speed of 3600 rpm to 26 mV at 100 rpm. Therefore, a high rotation speed is recommended to facilitate the mass transport of H 2 and minimize η d in the RDE measurements of HOR/HER activities. It should be noted that the Levich equation (Eq. 1) does not apply when the rotation speed (ω) is small, because the hydrodynamic boundary layer becomes large compared with the disk radius, and the assumption used in derivation of the Levich equation no longer holds. 30 It has been pointed out by Galus et al. that the RDE without rotating will approach unshielded liner diffusion conditions, leading to a finite limiting current. 6 Indeed, rather than the infinitely large diffusion overpotential and zero net-HER current predicted by the Levich equation, finite net-HER currents are observed when the electrode is not rotating both in 0.1 M HClO 4 and 0.1 M KOH on Pt (black dashed line in Figure 4 ). In addition, limiting current densities without rotation in 0. lower H 2 partial pressure in HER polarization curves is less when the electrode kinetics is sluggish.
The origin of the diffusion limitation in HER currents.-The highly reversible nature of HOR/HER is key to understanding the diffusion limited behavior of HER. We propose that the diffusion limitation in the HER branch when the electrode kinetics is facile, as in the case Pt electrode in acid, originates from the slow diffusion of the H 2 produced on the electrode in HER to the bulk of the electrolyte. The abundance of the reactant, H + , in acid makes the mass transport limitation of the reactant to the electrode unlikely. Meanwhile, the highly reversible nature of HOR/HER makes the efficient transport of product away from the electrode crucial, because the contribution of the pure HOR current to the net-HER current could be significant, especially at low overpotentials. We will discuss only HER in acidic media because the diffusion limitation is more prominent. HER in base (2
, as suggested by Durst et al. 12 The HOR/HER current can be expressed as follows assuming a first order reaction for H 2 , and an ε order reaction for H + ,
where k H O R and k H E R are the rate constants for HOR and HER, and c H 2 ,sur f and c H + ,sur f are the surface concentrations of H 2 and H + , respectively, and ε is the reaction order with respect to H + . The assumption of first order reaction with respect to H 2 will be justified by our analysis in the following section. In strongly acidic media (Figures 1  and 2 ), the high concentration of H + makes a steep concentration gradient from bulk to electrode surface unlikely. Therefore, c H + ,sur f in the second term of Eq. 6 can be replaced by the bulk H + concentration (c H + ,bulk ), which is independent of rotation speed. In contrast, the slow mass transport of H 2 could result in a significant difference in H 2 concentrations at the electrode surface, where H 2 is produced, and in the bulk electrolyte, especially at low rotation speeds. Since H 2 is the reactant of the reverse reaction of HER, i.e., HOR, higher concentration of H 2 at the electrode surface leads to larger HOR currents and in turn lower net-HER currents ( Figure 2 ). Surface and bulk H 2 concentrations are related through the constraints of mass transport, as Eq. 7,
where m H 2 is the mass transport coefficient of H 2 and c H 2 ,bulk and c H 2 ,sur f are the bulk and surface concentrations of H 2 , respectively. Substituting the expression for c H 2 ,sur f derived from Eq. 7 into Eq. 6, and assuming c H + ,sur f = c H + ,bulk ,
Therefore, the net-HOR/HER and the pure HOR currents are m H 2 or rotation speed dependent (Eqs. 
is consistent with the observation that HER polarization curves on Pt in base are independent of the rotation speed. Hence, the experimental net-HER currents in base can be considered as kinetic current without introducing significant errors. (Figure 1 ), the iR-corrected HER polarization curve in 0.5 M H 2 SO 4 also almost overlaps with the concentration overpotential curve. The difference in overpotentials obtained with and without iR correction is about 65 mV at −60 mA/cm 2 disk , demonstrating the importance of iR correction in obtaining accurate kinetic information. The "Tafel slope" of iR-uncorrected HER polarization curve can give rise to a value of ∼30 mV/dec or 306 mV/dec depending on the choice of overpotential range (from the solid blue line in Figure 6b ), both of which are incorrect.
Correction for diffusion limitation also plays an important role in accurate Tafel analysis, especially when the HER kinetics is facile. When the kinetics of HER is sluggish, e.g., in base, the contribution of diffusion overpotential to the overall overpotential is insignificant, and thus the experimental net-HER current can be approximated as the kinetic current. Similar simplification will lead to substantial underestimation of kinetic currents when the rate of HER becomes significant relative to the rate of H 2 mass transport. The overlap between the polarization curves and the concentration overpotential curve on Pt in acid (Figures 2 and 6a) suggests the measured currents are diffusion limited (Eq. 5), i.e., i ex p = i d . Thus the apparent Tafel slope determined under this condition (2.303RT/2F or ∼30 mV/dec at 293 K) (from solid red line in Figure 6b ) reflects the Tafel slope for H 2 diffusion, rather than HOR/HER kinetics. Since Tafel slope is frequently used as a diagnostic parameter in mechanistic studies, especially in the identification of the rate-limiting step (RLS), incorrect interpretation of measured Tafel slope could lead to misleading mechanistic interpretations. For example, a Tafel slope of 30 mV/dec caused by H 2 diffusion limitation, if interpreted as a Tafel slope that reflects the intrinsic HER kinetics, could lead to the conclusion that HER on Pt in acid follow a Tafel-Volmer pathway with Tafel step being the RLS. Using the diffusion-free H 2 -pump method in a PEMFC configuration, with the equivalent electrolyte pH = 0, assuming a transfer coefficient of about 0.5, a Tafel slope of 120 mV/dec (2.303RT/αF) has been obtained, 9, 12 suggesting that Volmer step is likely the RLS. Since exchange current densities of HER are supposed to be obtained by extrapolating the Tafel slope to η = 0 V vs. RHE, the 30 mV/dec Tafel slope has led to substantial underestimation of i 0 reported in the literature. [18] [19] [20] [21] [22] [23] True HER kinetic parameters can only be extracted after the HER branch of the polarization curves are corrected for the overpotential caused by diffusion (η d ), which will be discussed in the next section.
Another important consideration is that Tafel behavior reflects irreversible kinetics, which only occurs at high overpotentials for reversible reactions when the contribution from either the anodic or cathodic reaction to the total current is negligible. It follows that Tafel slopes for reversible reactions, e.g., HOR/HER, should be calculated only at high overpotential regions. Assuming negligible mass transport limitation in the HER branch, the contribution of the pure HOR current drops to less than 1% to the total current when η < − 118 mV at 298 K (e For HER entirely controlled by mass transport, as indicated in Eq. 3, Tafel slope no longer reflect the reaction kinetics. However, apparent Tafel slope could be useful for revealing the diffusion limitation. To that end, it is still necessary to draw the Tafel slope at high enough overpotential because the contribution of the pure HOR current is less than 1% to the total current only when the overpotential is greater than 59 mV at 298 K (e 2Fη RT < 0.01). Tafel slopes determined at overpotentials less than 59 mV (solid black line in Figure 6b) are not accurate measures of Tafel slopes since the contribution from the reverse reaction to the overall reaction rate is still significant.
Correction of diffusion limitation for both HOR and HER
branches.-The contribution of the diffusion current to the net-HOR and net-HER currents must be removed to obtain the kinetic current, based on which true kinetic parameters such as exchange current density and transfer coefficient can be extracted. In this section, we show that the kinetic current can be obtained by the two methods: 1) Extraction of i k from Koutecky-Levich equation for reversible reactions (referred as reversible Koutecky-Levich equation hereafter); and 2) Correction of overpotential and current with the diffusion overpotential and the modified Koutekcy-Levich equation, respectively.
Method 1. reversible koutecky-levich equation.-
where i d is the diffusion limited current defined in Eq. 5 instead of the maximum limiting current i l . 27, 31, 32 The derivation of the KouteckyLevich equation for reversible reactions is as follows.
The Butler-Volmer equation with mass transport is in the form of Eq. 12 (also see Ref. 30) .
Solving for i, we get
[13] The kinetic current i k is the current in the absence of mass transport, i.e., i l,a , i l,c → ∞, thus:
When i 0 approaches infinity, the measured current is completely controlled by diffusion, i.e., i = i d , and the left hand side of Eq. 12 vanishes:
Solving Eq. 15, we obtain: [16] From Eqs. 14 and 16, we get:
Eq. 18 can be obtained by taking the reciprocal of the both sides of Eq. 13: 
By noting that the right hand sides of Eqs. 17 and 18 are identical, we arrive at Eq. 11. For a one step, one electron transfer irreversible reaction (R → O + ne), we have
Similar manipulations lead to a Koutecky-Levich equation in the form of Eq. 2, which is widely used to extract kinetic currents from the HOR branch. [1] [2] [3] 10 Alternatively, Eq. 2 can be derived by explicitly considering the concentrations of R at the electrode surface (c R,sur f ) and in the bulk (c R,bulk ). At steady state, the rate of mass transport of R should match that of the electrode reaction:
When c R,sur f becomes 0, the limiting current (i l ) is reached: [23] where m R is the mass transfer coefficient of R. Hence,
Since i = kc R,sur f and i k = kc R,bulk , [25] which is identical to Eq. 2.
It is critical to recognize that Eqs. 2 and 25 only apply to irreversible reactions (referred to as irreversible Koutecky-Levich equation hereafter), and thus unsuitable for the highly reversible HOR/HER, especially at low overpotentials. 14 
The reversible Koutecky-Levich equation should be employed in extracting kinetic currents of HOR/HER.
If we consider HOR/HER as 1 2 H 2 ↔ H + + e as a one-electron transfer process (not an elementary step), with the apparent reaction orders of γ and ε with respect to H 2 and H + , respectively, then
where E is the electrode potential, E 0 is the formal potential, and E eq is the equilibrium potential of the electrode.
From Eq. 29, it is clear that the reaction order for H 2 is (1−α)γ (with respect to i 0 ), which has been determined by Rheinländer et al. 10 to be 0.5. Multiple studies have shown that the α value for HOR/HER on Pt is about 0.5, 3, 10, 12, 31, 32 which will lead to the conclusion of γ = 1. Therefore, at any given potential, and in turn constant k HOR and k HER , the reaction order of H 2 is 1, consistent with the assumed reaction order value in previous reports. 3, 12, 14 Method 2. diffusion overpotential (η d ) correction together with current correction.-A recent detailed analysis by Durst et al. points out the importance of correcting the RDE potential by η d for HOR branch to obtain the correct kinetic information. 9 Rheinländer et al. proposed that after iR and η d corrections for overpotential, a modified Koutecky-Levich equation should be used to calculate kinetic current for the HOR branch based on their observation that the reaction order of hydrogen with respect to the exchange current density is 1 2 , while the HER branch only need to be compensated with iR. 10 Here we rederive the method of Rheinländer et al. rigorously for a one-electron transfer, one-step reaction below using a different approach. We will show Method 2 is equivalent to Method 1, i.e., using the reversible Koutecky-Levich equation to extract the kinetic current.
For one-electron transfer, one-step reversible reactions, the i -η, and i -η d relations can be described by Eq. 12 and Eq. 30 (similar to Eq. 16), respectively.
Eq. 30 can be rearranged to 1
)e −Fη d /RT and substituted into Eq. 12 to obtain Eq. 31,
Multiply both sides of Eq. 31 by a factor of e
),
According to Eq. 30,
, therefore,
, which can be substituted into Eq. 32 to obtain Eq. 33,
The last equality of Eq. 33 indicates an i k -η k relation in the form of a Butler-Volmer Equation. The kinetic current (i k ) can be obtained by correcting the measured current (i) via Eq. 34, and kinetic overpotential can be obtained correcting the measured overpotential according to η k = η −η d .
For HOR/HER, i l,c = ∞ and α = 0.5, Eq. 34 becomes
which is the modified Koutecky-Levich equation proposed by Rheinländer et al. to calculate the kinetic current for HOR branch after η d correction. 10 It is important to stress that corrections for both the measured current and the overpotential are necessary to obtain the correct i k -η k relation in the form of the Butler-Volmer Equation. If we assume that the uncorrected current (i) relates with the kinetic overpotential (η k ) in the form of the Butler-Volmer Equation,
By combining Eqs. 31 and 36, at any given i, η, η k and η d are related through Eq. 37,
rather than the simple expression of η k = η − η d , which shows the necessity of the correction of the measured current by Eq. 34. The procedural differences in the two approaches mentioned above have been summarized in Figure 7 . Method 1 is simpler and more general since it does not require the prior knowledge of the α value, and only requires correction for the current, rather than both the current and the potential. Diffusion limitation correction for HER branch using different approaches.-To illustrate the validity of correcting diffusion limitation in HER using the two methods described in the previous section, HOR/HER polarization curves were obtained on a Pt disk in phosphoric acid/phosphate buffer solution at pH = 2.4. These HER curves are close to the concentration overpotential curves and exhibit rotation speed dependence (Figure 8a ). The net-HER currents, if not corrected by diffusion, increase as rotation speed increases (solid lines in Figure 8a and dash lines in Figure 8b , 8c). Moreover, the kinetic currents calculated using irreversible Koutecky-Levich equation (Eq. 2) from polarization curves at different rotation speeds in the HOR branch do not overlap (Figure 8b ), which confirms that the correction with the irreversible Koutecky-Levich equation is not sufficient. In contrast, both HOR and HER kinetic currents calculated using the reversible Koutecky-Levich equation (Eq. 11) at different rotation speeds overlap, and they are larger than the measured currents (Figure 8c) . Furthermore, the overpotential and current corrections by η k = η −η d and Eq. 35, respectively, generate almost identical |i k | −E −η d plots at different rotation speeds (Figure 8d ), which also match the |i k | −E plot constructed with the reversible Koutecky-Levich equation (gray dashed line in Figure 8d ). As mentioned before, HER on Pt in base is more sluggish than in acid and therefore diffusion limitation correction is less important. Here we show that diffusion correction is still necessary for obtaining accurate kinetics data. In a recent study, Rheinländer et al. argue that the HER branch only needs to be ohmically compensated to obtain kinetic HER currents on Pt in alkaline media, based on the observation that HER kinetic currents at different rotation speeds do not overlap when calculated using the irreversible Koutecky-Levich equation (Eq. 2), but do overlap when using the measured currents as the kinetic currents. 10 In our analysis, we confirm that net-HER kinetic currents obtained by the irreversible Koutecky-Levich equation for different rotation speeds do not overlap (Figure 9a ) however, net-HER kinetic currents extracted with the reversible Koutecky-Levich equation do overlap (Figure 9b ).
Non-overlapping curves were obtained when |i| was plotted vs. E -η d at different rotation speed (Figure 9c ), indicating that a diffusion overpotential correction using η k = η −η d without a current correction is inadequate, as discussed in the previous section. Plots of |i k | (calculated with the modified Koutecky-Levich Eq. 35) vs. E -η d at different rotation speeds overlap completely for both HOR and HER branches (Figure 9d ), demonstrating that this double correction method (both η and i are corrected) is reliable in extracting kinetic information. Importantly, |i k | − E plot obtained by correcting the current with the reversible Koutecky-Levich equation (Method 1, Figure 9b ) matches those obtained with the double correction method (Method 2), demonstrating the consistency of the two approaches. The gray dashed curve and solid curves in Figure 9d are obtained following Methods 1 and 2, respectively, and they match well. The difference in potential range stems from the η k = η −η d correction in Method 2, which modifies the potential range; whereas no potential correction is needed in Method 1.
It should be noted that the reversible Koutecky-Levich equation (Eq. 11) is only rigorously derived for one electron transfer elementary E iR-free vs. RHE (V) 
RT ) in Eq. 5), which can be solved only if the summation of transfer coefficients for HOR and HER equals to 2. In this case, Eqs. 12 and 14 become Eqs. 41 and 42, the diffusion current will have the form of Eq. 5, and the reversible Koutecky-Levich equation (Eq. 11) remains valid. Similarly, the derivation of Method 2 also assumes the reaction involves only one electron transfer and one step reaction.
The interdependence between reaction mechanism and kinetic parameters leads to a dilemma: electrokinetics, a powerful tool in the mechanistic study of multi-electron transfer reactions and the reliable extraction of kinetic information, e.g., i 0 and α, predicates on the accurate knowledge of kinetic current. At the same time, the formula needed to deconvolute the kinetic and diffusional contributions to the measured currents is dependent on the knowledge of the same set of kinetic parameters, and in turn the reaction mechanism. One solution is to adopt techniques without mass transport limitation, such as the H 2 -pump method 9, 11, 12 and the floating electrode method, 17 to avoid the entanglement of kinetic and diffusional contributions. However, those methods typically require more complex setups and are often time consuming, and cannot evaluate materials in the disk forms. Another option is to derive an expression for an assumed mechanism with mass transport, and then fit experimental data numerically into the derived expression.
14 While it is clearly more rigorous, given the large number of possible mechanisms for multiple electron transfer and multi-step processes, this method is more suitable for reaction systems with considerable existing knowledge and the number of possible mechanisms is limited. RDE method with its simplicity and reliability will remain a powerful technique in the mechanistic study of multi-electron and multi-step electrochemical processes provided that robust data analysis procedures are developed.
Although the reversible Koutecky-Levich equation cannot be rigorously derived for multi-electron, multistep electrochemical reactions, such as HER/HOR, the kinetic currents obtained is much more consistent than those obtained from irreversible Koutecky-Levich equation, as shown in Figures 6 and 7 . The fundamental reason for the ability of reversible Koutecky-Levich equation to extract information for electrochemical reaction other than one-electron, one-step processes deserves further investigations. Our HOR/HER results suggest that it is reasonable to consider the reversible Koutecky-Levich equation as a semi-empirical expression to calculate kinetic currents with excellent accuracy. 
Comparison of the three methods of calculating
Both approaches are based on sound theoretical ground and lead to similar i 0 . The former method has the added benefit of yielding the transfer coefficient α, which is related to the Tafel slope (TS) by TS = 2.303RT/αF. Experimentally, polarization curves with different exchange currents can be generated by varying the pH of the electrolyte, or the loading of the electrocatalyst: the exchange current increases as pH decreases or the loading increase. The HOR/HER polarization curve on a Pt disk approaches the concentration overpotential curve as the pH of the electrolyte decreases (Figure 10a ). The following three methods were used for diffusion correction: 1) both HOR and HER currents are converted to kinetic currents by reversible Koutecky-Levich equation (Eq. 11) (Method 1), and 2) the overpotential is corrected by diffusion overpotential (η k = η − η d ) and current is converted to kinetic current by a modified Koutecky-Levich equation (Eq. 35) for both HOR and HER branches (Method 2) and 3) the net-HOR current is converted to kinetic currents by irreversible Koutecky-Levich equation (Eq. 2) while the HER current is uncorrected (Method 3). All the overpotentials were iR corrected. Tafel plots of HOR/HER kinetic currents at different pHs and their corresponding fittings with the Butler-Volmer equation were shown in Figure 11 
The overpotential is corrected by diffusion overpotential η k = η − η d , while the measured current is converted to kinetic current by Figure 12 . Tafel plots of HOR/HER kinetic currents and their corresponding fitting into a Butler-Volmer equation calculated from HOR/HER polarization curves measured on Pt/C in 0.1 M KOH with Pt loadings from 4 to 40 μg Pt /cm 2 disk at 1 mV/s and 1600 rpm, when (a1-a5) both HOR and HER kinetic currents were calculated using the reversible Koutecky-Levich equation (1/i = 1/i k + 1/i d ), (b1-b5) both HOR and HER overpotentials are corrected by diffusion overpotential, and both HOR and HER currents were converted to kinetic currents using i/i k = (1 − i/i l,a ) 0.5 , and (c1-c5) the HOR kinetic currents were calculated using irreversible Koutecky-Levich equation (1/i = 1/ i k + 1/i l ) and the HER kinetic currents were the measured ones corrected for internal resistance (iR). All overpotentials were iR-corrected. from the three methods mentioned above increases as the pH of the electrolyte decreases (Table I) . i 0 determined from Butler-Volmer fitting and linear fitting are similar for all methods. The i 0 from Methods 1 and 2 are identical within the experimental errors, while the i 0 from Method 3 only agrees with the rest two at high pHs when the electrode kinetics is slow, and is substantially underestimated at lower pHs when the kinetics becomes faster (Table I) . Transfer coefficients (α) from Method 1 are more meaningful compared with those obtained from Method 2, as an α value of 0.5 is assumed in the derivation of Method 2 (the negative value at pH = 1.5 is clearly not physical, Table I ).
HOR/HER polarization curves on carbon supported Pt nanoparticles approach the concentration overpotential curve as the loading of Pt increases from 4 to 40 μg Pt /cm 
The overpotential is corrected by diffusion overpotential η k = η − η d , while the measured current is converted to kinetic current by using Method 3 are worse than those obtained using Methods 1 and 2 ( Figure 12 ). The i 0 determined from the three methods are similar to each other when the loading is less than 15 μg Pt /cm 2 disk or i 0 /i l ≈ 1.5 (i l is the limiting current in the HOR branch, its value is about 2.5 mA/cm 2 disk at 1600 rpm), however, the i 0 determined from Method 3 are significantly underestimated as the loading of the electrocatalyst grows and the reaction becomes increasingly diffusion limited (Table II) , which is consistent with the results obtained on the Pt disk in the previous section. For HOR/HER, using the irreversible Koutecky-Levich equation to determine j k yields reasonable results only when the total exchange current is less than 1.5i l (as in the case of HOR/HER on a Pt disk at different pHs or Pt/C with a relatively low loading in 0.1 M KOH), and substantially underestimated exchange current densities are obtained as the true exchange current becomes larger. Therefore, Methods 1 and 2 are recommended in calculating kinetic currents and exchange current densities for HOR/HER. Method 1 is preferred because it requires less correction and Method 2 requires prior knowledge of α (assumed to be 0.5 in the derivation) to calculate i k at overpotential η -η d .
Conclusions
Our study shows that HER is diffusion limited when the electrode kinetics is facile. The diffusion limitation behavior of HER originates from the slow mass transport of produced H 2 on the electrode to the bulk electrolyte and the reversible nature of HOR/HER. Although the diffusion overpotential for HER is typically small, it could have a significant impact on the kinetic analysis especially in the low overpotential region, leading to underestimated activities and inaccurate mechanistic interpretations. The reversible nature of HOR/HER dictates that the reversible Koutecky-Levich equation should be used to calculate kinetic current while the use of the irreversible KouteckyLevich equation to obtain kinetic currents can lead to significant errors when the electrode kinetics is facile and the process is partially diffusion controlled. In order to obtain accurate kinetic information from polarization curves using RDE method, we recommend: 1) perform iR correction to compensate the solution resistance; and 2) correct the measured current with the reversible Koutecky-Levich equation to obtain the kinetic current.
